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SIMIAFY 


Wideband  acoustic  emission  (AE)  measurements  were  performed  during 
tensile  tests  of  carbon-nBnganese  steels  with  different  levels  of  sulphur 
content.  Directionality  of  AE  characteristics  was  studied  via  several 
different  AE  analysis  techniques  as  well  as  metallographic  observations. 
Burst- type  AE  signals  observed  in  the  tests  of  thickness  direction  sanples 
lave  been  identified  as  due  to  ItiS  inclusions.  These  signals  have  quite 
different  frequency  spectrum  and  anplitude  distribution  characteristics 
from  continuous- type  signals  during  liiders  elongation.  The  results  were 
correlated  to  elasticity  calculation  of  the  stress  field  of  inclusions. 


INTRODUCTION 


Acoustic  endssion  characteristics  of  steels  have  been  studied  exten- 
sively over  the  last  ten  years  (1-4).  I^y  investigators  have  attributed 
distinct  AE  events  or  so-called  burst  emission  to  one  or  more  of  the 
following  processes;  a)  microyielding  or  the  sudden  formation  of  a slip 
band,  b)  the  fracture  or  decohesion  of  second  phase  particles,  c)  micro- 
cracking,  d)  twinning  and  e)  martensitic  transformation.  Since  the 
confirmation  of  sources  of  AE  events  is  generally  diffioilt,  few  systenatic 
efforts  to  correlate  the  results  of  AE  studies  to  microscopic  observation 
have  been  made.  The  continuous  AE  signals  are  just  as  elusive  and  their 
origins  are  yet  to  be  established.  Undoubtedly,  one  source  involves  the 
notion  of  individual  dislocations  or  small  groups  of  dislocations.  In  this 
report,  results  of  tensile  and  AE  tests  of  a C-Wi  steel  with  three  different 
levels  of  sulphur  content  are  presented  and  discussed  in  conjunction  with 
jjg-taliogrephic  observations  and  with  elasticity  calculations  on  the  stress 
field  of  inclusions. 

EXPERI^ENTAL  PR0(T:DURES 

bbterials  used  in  this  study  were  three  EOF  hot  rolled  steel  plates, 

25  inn  thickness,  of  JIS  SM-50  type,  supplied  by  Nippon  Kbkan  K.  K. , Kawasaki, 
Japan  (courtesy  of  Messers.  C.  Ouchi  and  J.  Tanaka).  The  chemical  analyses 
are  given  in  Table  I.  Tensile  sanples  were  prepared  from  the  longitudinal 
(L),  transverse  (T)  and  thickness  (Z)  directions  for  each  of  the  plates. 

IVio  reds  (16  im  diameter)  were  friction-welded  before  each  of  the  tensile 
sanples  in  the  thickness  direction  was  prepared.  The  reduced  gauge  section 
was  6 mm  diameter  and  40  mn  long  for  the  L and  T directions,  whereas  it  was 
5 nm  diameter  and  19  mm  long  for  the  Z direction  in  order  to  eliminate  the 
influence  of  the  weld  zones. 


1 

TABLE  I QiemiccLL  Conposition 


Steel 

Thickness 

C 

Si 

Ml 

P 

S 

ML 

0.17 

0.35 

1.36 

0.015 

0.006 

0.045 

BOF 

25  nm 

0.15 

0.36 

1.29 

0.021 

0.020 

0.032 

0.17 

0.37 

1.42 

0.027 

0.027 

0.037 

Mechanical  tests  were  performed  with  a floor  model  Instron  at  room  j 

-4  -1 

temperature.  Nominal  strain  rate  was  5 x 10  s for  the  L and  T 

-3  -1  ' 

direction  and  1 x 10  s for  the  Z direction,  respectively. 

AE  tests  utilized  a wideband  sensor  fabricated  from  a PZT-5  element 
(conpressional  mode,  3 Lfiz  fundamental  frequency,  6.3  mm  diameter).  It 

'l 

\ 

v»s  mounted  at  the  end  of  a round  tensile  sanple  with  viscous  resin.  A 
preanplifier  with  a 30  to  2,000  Wiz  bandpass  filter  plug-in  (Model  160, 

Acxjutic  Qnissiao  Technology  Corp.  (AETC),  Sacramento,  Calif.),  a signal 
processor  (Model  201,  AETC)  and  a modified  video  tape  recorder  (Sony 
AV-3650,  modified  by  AETC  for  AE  signal  recording)  weore  utilized.  The 
input  noise  level  was  3.2  yV.  Amplitude  distribution  analysis  of  AE 
counts  was  performed  by  using  a specific  analyzer  (model  203,  AETC)  or  by 
repeated  processing  of  recorded  signals  and  iranual  data  reduction.  Slight 
variations  in  the  recording  level  were  corrected  by  the  level  of  bac]<ground 
signal.  Power  density  spectrum  of  a short  duration  signal  (1  to  10  ms 
long,  typically  5 ms)  was  determined  by  first  obtaining  the  autocorrelation 
function  using  a random  signal  analyzer  (Model  810A,  Progress  Electronics, 
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Portland,  Oregon)  and  subsequently  taking  its  Fourier  transfom  via  a mini- 
coirputer  (PDP  8/E,  Digital  Equipment  Corp.  together  with  Analogic  Madel 


5800  analogue-digital-analogue  converter) . Details  of  the  AE  instrumenta- 
tion )ave  been  described  elsewhere  (5-8). 

RESULTS  AND  DISCUSSION 

Observed  AE  betevior  during  the  tensile  tests  of  the  three  steel 

plates  in  the  longitudinal  or  transverse  direction  was  similar  to  the  well 

known  AE  characteristics  of  a mild  steel;  i.e.,  AE  activities  are  significant 

only  during  the  Luders  band  extension  or  the  initial  yielding  and  are  very 

low  during  the  subsequent  work-hardening  stage.  A typical  exanple  is  shown 

in  Fig.  1.  Here,  the  rms  voltage  (V  ) vs.  time  and  AE  event  counts  (N  ) vs. 

r e 

time  curves  of  a transverse  tensile  specimen  (no.  6)  of  the  low  S steel  are 
shown  together  with  the  stress-time  curve  of  the  specimen.  The  corresponding 
scale  for  plcistic  strain  is  indicated.  Note  that  the  stress-time  curve  is 
displaced  by  13  seconds  to  the  left.  During  the  elastic  loading,  the  level 
of  reneined  at  that  of  background.  At  the  onset  of  nacroscopic  plastic 
deforaation,  increased  above  background  and  stayed  at  high  levels  during 
the  liiders  elongation.  In  this  or  other  samples  in  the  transverse  direction, 
no  upper  yield  point  was  displayed  in  contradistinction  to  the  yield  point 
behavior  of  samples  in  the  longitudinal  direction.  Typically,  the  peak  level 
of  was  cibout  twice  the  background.  During  the  work  hardening  state, 
was  barely  above  the  background.  No  AE  signal  was  detected  during  necking. 
The  observed  AE  activities  in  sanples  of  the  L and  T directions  were  essen- 
tially unaffected  by  the  direction  or  ty  the  variation  in  the  S content. 

The  waveform  of  the  signal  from  the  longitudinal  or  transverse  samples 
was  always  that  of  the  continuous  emission.  In  high  S specimens,  a small 
number  of  short  burst  signals  was  also  observed.  Reflecting  the  nature  of 
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observed  AE  signals,  AE  event  counts  were  quite  low  in  these  samples.  In 
Fig.  1,  is  shown  to  reach  about  2200  for  the  entire  test.  Actually, 
the  nejority  of  the  observed  AE  event  counts  originated  from  statistically 
existing  peaks  of  the  cont  Lnuous-type  AE  signals  dui’in^;  the  initial 
yielding*.  A valid  value  of  is  estimated  to  be  less  than  500. 

The  power  density  function  of  the  continuous  AE  signal  during  the 
yielding  (5.5  ms  segment;  a low  S,  transverse  sample)  is  shown  in  Fig.  2. 

The  frequency  spectrwi  indicates  a strong  component  at  90  kHz,  vdiich  cor- 
responds to  the  fundamental  resonance  of  extensional  waves  in  the  reduced 
gauge  section  (effective  length  5.8  cm).  A weak  component  centered  at 
460  kHz  corresponds  to  radial  mode  of  the  transdiicer,  and  is  only  sli^tly 
above  the  background  level. 

When  these  steels  were  tested  in  the  thickness  (Z)  direction,  the  yield 
and  tensile  strength  levels  were  unchanged  from  their  counterparts  in  the  L 
and  T directions.  However,  the  liiders  and  uniform  elongations  were  reduced 
and  the  reduction  in  area  was  significantly  decreased.  The  AE  characteristics 
of  tensile  specimens  in  the  thickness  direction  were  also  quite  different  from 
those  described  above.  Figures  3 and  4 show  the  vs.  time  (or  strain)  curves 
as  well  as  the  corresponding  stress-time  (or  strain)  curves  of  two  representa- 
tive samples  in  the  Z direction.  AE  activities  as  exaiplified  by  exhibited 
two  peaks.  The  first  peak  coincided  with  the  yielding.  AE  signals  rose  above 
the  background  at  30%  of  the  yield  stress  and  increased  during  apparently 


In  the  tests,  the  reset  threshold  level  of  the  amplitude  distribution 
analyzer  (Model  203,  AETC)  was  set  at  16  dB  above  the  background  level. 
Counting  of  these  statistical  peaJcs  can  be  avoided  when  the  reset  threshold 
level  is  set  at  12  dB  above  the  mis  voltage  of  the  wideband  Gaussian  noise. 


elastic  loading.  The  level  of  V^decreased  toward  the  end  of  the  Liiders 
elcsTgation,  but,  with  further  defomation,  reached  another  naximum  at 
approxinately  1.5%  plastic  strain.  Ilie  peak  level  of  at  the  second 
naxirrum  vgas  lower  than  that  of  the  first.  During  work  hardening,  AE 
activities  persisted,  albeit  decreasing  with  increasing  strain.  The  level 
of  was  above  background  up  to  8%  plastic  strain  in  the  low  S sanple 
(Fig.  3)  and  to  13%  in  the  hi^  S sanple  (Fig.  4).  The  intensity  of  AE 
signals  increased  with  increasing  S content.  The  peak  value  of  in  the 
low  S sanple  was  cibout  twice  the  background,  vAiereas  that  in  the  hi^.  S 
sanple  was  almost  5 times  the  background  level. 

The  vs.  time  curve  is  also  presented  in  Fig.  3.  Total  event  counts  j 

i 

of  this  low  S sanple  was  15,400  counts,  95%  of  vAiich  were  produced  during  | 

the  initial  5%  plastic  defomation.  While  the  corresponding  curve  for  1 

1 

is  not  shown,  the  hi^  S sanple  (Fig.  4)  produced  a total  of  65,000  counts.  j 

Again,  the  initial  5%  plastic  defomation  accounted  for  95%  of  the  total 
counts.  In  the  Z direction  samples,  numerous  burst- type  signals  were  found 
in  addition  to  the  continuous  AE  signals  above  background  noise.  These 
burst  signals  decayed  to  the  level  of  continuous  signals  with  100  to  200  ys. 

With  increases  in  the  S content,  the  number  of  burst- type  signals  increased 
significantly  and  the  amplitude  of  the  burst- type  signals  was  about  twice 
tlat  observed  in  the  low  S specimen.  Mditionally,  a group  of  three  or  four 
burst  emission  were  often  found  almost  consecutively.  The  frequency  spectrum 
of  AE  signals  containing  the  burst  emission  is  shown  in  Fig.  5 (5  ms  segment; 
a high  S,  Z direction  sanple).  The  radial  resonance  peak  at  450  kHz  was  the 
highest,  aivd  a few  satellite  peaks  were  present  between  440  and  480  kHz.  The 
extensional  wave  resonance  at  90  l<Hz  was  observed,  but  at  a reduced  intensity. 

Other  peaks  at  150  to  300  kHz  also  exceeded  the  background  level. 
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Cumulative  AE  event  airplitude  distribution,  F^,  was  obtained  as  a 
function  of  amplitude  for  burst  emissions.  Figure  6 shows  a typical  result 
for  a medium  S,  Z direction  sairple,  taken  at  a plastic  strain  range  of  0.3 
to  0.45%  dxaring  Liiders  elongation.  Amplitude  is  given  in  reference  to  that 
at  the  preamplifier  input.  A usual  power  law  function  yielded  a poor  fit  to 
the  observed  distribution,  although  it  nay  be  approximated  by  a power  law 
laving  the  exponent  of  unity.  The  observed  distribution  function  appears  to 
consist  of  two  carponents;  one  at  low  anplitude  levels  (below  30  yV)  due  to 
plastic  deformation  and  the  other  due  to  MnS  inclusions. 

Results  of  this  study  indicate  the  following:  (1)  Samples  in  the  L and 
T direction  exhibited  continuous-type  AE  primarily  during  initial  yielding, 
which  was  unaffected  by  the  S content.  Few  burst-type  AE  signals  were 
observed.  (2)  AE  from  samples  in  the  Z direction  was  daninated  by  burst- 


type  AE  and  its  intensity  increased  with  the  S content. 

Microstx\ictures  of  the  steels  used  in  this  study  were  usual  banded 
ferrite-pear lite  mixtures.  Strong  dependence  on  the  S content  was  observed 
in  stringer- type  inclusions.  Fracture  surfaces  of  the  Z direction  samples 
reveciled  the  fracture  or  decohesion  of  MnS  inclusions  flattened  during  hot 
rolling.  Three  mechanisms  of  AE  generation  are  expected  in  this  material. 
These  are  (i)  plastic  defonration  of  ferrite  matrix,  (ii)  shearing  of  pearlite 


and  (iii)  the  fracture  or  decohesion  of  the  stringer- type  inclusion.  The 

first  two,  especially  pearlite  shearing,  appear  to  produce  continuous-type  AE. 


pearlite,  shear  cracking  of  pear  late  as  originally  proposed  by  Miller  and 
Smith  (7)  is  expected  to  produce  the  AE  behavior  as  observed. 


I Burst-type  signals  in  the  Z direction  samples  can  be  attributed  to  the 

fracture  or  decohesion  of  MnS  inclusions  because  of  the  observed  dependencies 
of  AE  bursts  on  the  directionality  and  the  sulphur  content.  It  is  further 
supported  by  the  characteristic  fracture  surface  of  tensile  specimens,  and 
j the  observed  densities  of  stringer- type  inclusions.  In  order  to  evaluate 

stress  concentration  effects  in  and  around  the  inclusion,  Eshelby  theory  of 
transformation  strain  was  employed  (8,9).  Internal  stresses  due  to  misfit 
strain,  inhomogeneity  in  the  elastic  moduli  and  plastic  defonation  around 
a non-defornBble  inclusion  were  determined  (10).  It  was  found  that  the 
plastic  deformation  effect  is  negligible  in  the  elastic  range  and  that  the 
misfit  effect  contributes  nearly  one-third  of  tensile  stress  on  the  broad 
face,  vdiere  the  magnitude  is  about  1.5  times  that  of  applied  stress.  This 
stress  concentration  effect  at  MnS  inclusions  in  the  Z direction  sample 
accounts  for  AE  activities  at  well  below  the  yield  stress.  Continued  AE 
activities  in  the  work  hardening  state  appear  to  come  from  the  plastic  de- 
formation effect.  In  contrast,  carbide  cracks  and  transverse  cracks  of 
pearlite  have  been  found  to  become  observable  only  after  4 to  10%  plastic 
strain  (11).  These  can  be  ruled  out  as  sources  of  burst -type  AE  found  in 
this  study. 

In  the  tensile  tests  of  other  steel  samples,  such  as  annealed  1020  and 
normalized  1080  steels,  numerous  burst- type  AE  signals  were  observable 
even  though  the  tensile  direction  was  longitudinal.  For  example,  a tensile 
sample  of  1020  steel  produced  a total  of  12,300  event  counts  during  the 
intial  5%  plastic  strain,  as  shown  in  Fig.  7.  In  the  1020  steel  sample,  the 
level  was  even  lower  than  that  shown  in  Fig.  1.  Microscopic  examinations 


indicated  a lar^  number  of  non-metallic  inclusions  of  various  shapes  and 
sizes.  The  observed  burst  emissions  can  be  attributed  to  the  fracture  or 
deoohesion  of  these  inclusions,  althou^  grain  boundary  carbides  nay  cilso 
contribute  at  later  stages  of  plastic  defomation. 

CONCLUSIONS 

Observed  continuous-type  AE  signals  of  HSLA  steels  can  be  correlated 
to  the  plastic  deformation  of  ferrite  and  pearlite  shearing,  whereas  the 
burst-type  AE  signals  to  the  fracture  or  decohesion  of  bhS  inclusions  on 
the  basis  of  directionality  and  sulphur  dependence.  Microscopic  examination 
and  elasticity  analysis  have  contributed  to  the  conclusions. 
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Fig.  1.  Stress,  and  Ng  against  time  or  strain  for  tensile 
test  of  a low  S,  T direction  sample. 
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Fig.  7.  Stress,  AE  level  and  AE  event  counts  against  strain  or  time 
for  tensile  test  of  a 1020  steel  sample  (annealed  at  900®C). 
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